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Abstract 

The fate of polymeric MDI in water was studied under two 

conditions, vigorous stirring and static conditions, which simu

late two scenarios of accidental spill of polymeric ~1DI into 

aquatic environment. The kinetics of the disappe~rance of poly

meric MDI and the production of water-soluble and water-insoluble 

reaction products were examined for each experiment and the 

following results were obtained: 

(1) Vigorous stirring ex~eriment 

The experiment was carried out with varying nominal concen

tration of polymeric MDI, tempe~ature, salinity and agitation 

method of test solution. 

- Kinetics of disappearance of polymer·ic MDI 

Polymeric MDI disappeared linearly with time under all 

conditions, indicating that the di sa ppearance of poljTieric MDI is 

exp~essed by zero-order kinetic model. The disappearance rate 

data for each of five or six constituents of polymeric MDI, 

whose number of aromatic ring ranged from two to four, were 

fitted to zero-order kinet ic model and the zero-order rate con

stant and the 1\alf -l ife time of the disappearance were determined 

by least squares method as a funct ion of nominal concentration 

of polymeric MDI and temperature, salini ~y and agitation method 

of the test solution. The rate constant increased approximately 

li near ly with nominal concentrati o n of polymeric MDI for all 

constituents and it was smaller with the constituent having more 

number of aromatic ring, but half-life time was independent on 

t he nominal concentration and the kind of constituent. G~ntle 

agitation, high salinity and low temperature of the test solu

tio n lowered the disappearance rate. Especially the temperature 

of the test solution sign i ficantly affected the rate: the half-
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life time at 2s•c was less than one qu~rter of the value at 12"C. 

- Production of water-soluble reaction products 

4,4'-MDA increased gradually with time and reached to 

nearly constant concentration after 16th-hour, at which over 60% 

of initial polymeric MDI remained intact. Final amount of 4,4'

MDA produced increased slightly with nomirial concentration of 

polymeric MDI and consequently the proportion of polymer~ c MDI 

transformed to 4,4'-MDA ag~inst total amount of polymeric MDI 

added dec reas ed rapidly with the nominal concentration. The 

proportion was less ~han 0.5% at the nominal concentration of 

400mg /l or above (Figure 20). The water-soluble reaction products 

other than 4,4'-MDA were not observed with both UV spectrum and 

HPLC. 

- Water-insoluble reaction products 

Water-inso luble reaction products was not completely soluble 

in toluene and DMF. The fraction of the reaction products insolu

b le in both solvents increased with test duration. O~ly 6.6% of 

final water-insoluble reacti on products were dissolved in DMF 

8ontaining 10 mM of LiCl (Table 4). 

Consequently, it was concluded that over 92.9% of polymeric 

MDI was finally transformed in vigorous stirring experiment to 

the polyurea insoluble in water and usual organic solvent. 

(2) Static experiment . 

The kinetics of the disappearance of polymeric MDI and the 

productions of wa ter-sol uble and water-insoluble reaction 

products were measured under three interfacial area between 

polyme ic MDI and water phases (5.72, 13.2 and 18.1 cm 2 ). 
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- Kinetics of disappearance of polymeric MDI 

Polyneric MDI also disappeared by zero-order kinetics 

except the experiment of the interfacial area of 5.72 cm 2 , in 

which polymeric MDI cisappeared by zero-order kinetics until 10 

days, but the disappearance rate largely slowed down thereafter. 

The zero-order rate constant increased and the half-life time de

creased with the interfacial area between polynteric MDI and water 

phases. 

- Water-soluble reaction products 

The production of 4,4' - MDA gradually increased and reached 

to the constant value with the disappearance of polymeric MDI. 

The final amount of 4,4'-MDA produced was about 0.6mg/l (Figure 

30), wh i ch corresponded to less than 0 . 005% of the initial amount 

of polyn1eric MDI added, and it was independent on the interfacial 

area. The water -soluble reaction products other than 4,4'-MDA 

were observed with ~V spectrum and HPLC, but the structure was 

not identified because of small amount. 

- Water - insoluble r eaction products 

The solubility of the wate r-i nsolubl e reaction products to 

toluene and DMF lowered with time. After 4 weeks in the experi

me nts of 18.1 cm 2 interfacial area, 99 . 3% of the products were 

insoluble to bot h water and usual organic solvents and only 0.7% 

of it was soluble to DMF containing 10mM of LiCl (Table 4). 

Consequently , it is concluded that polymeric MDI was trans

formed to water - soluble substance at less than 0 . 04% of polymeric 

MDI added and the remaining polymeric MDI was transformed to the 

s ubstance insoluble to t luene. Only 0 . 7% of the tolune-insoluble 

reac tion products was dissolved in DMF containing LiCl a nd 99.7% 

of it is insoluble in both water and usual organic solvent in

cl uding DMF - LiCl. 
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Introduction 

Since isocyanate compound easily react with water to produce 

the corresponding amine, which reacts with other isocyanate 

compounds and is transformed to urea compound, it is indispens

able in assessment of the ecotoxicologycal effect of the isocyan

ate compound to elucidate the fate in water. 

In FE - E-63 project, we studied the fate of TDI in water 

under two conditions, vigorous stirring and static conditions, 

which simulate two scenarios of accidental spill of TDI into 

aquatic environment in order to elucidate the fate of TDI in 

aquatic environment and to explore the origin compon£nt for the 

toxicity to ~quatic organisms in successive ecotoxicity test of 

TDI i n FE-66 project. 

Polymeric MDI is another raw m2terial of polyurethane that 

is produced in large scale and it is important to clarify the 

f ate in water for assessing the effect of polymeric MDI on the 

aquatic environment . In part I of FE-74 project, the analytical 

me t hod of polymeric MDI and the agitation method suitable for 

v igorous stirring experiment of polymeric MDI were examined using 

monomeric polymeric MDI as a test substance. On the basis o: 
these results, in this study (FE-74 Part II) the fate of polymer 

i c MDI in water was investigated prior to the toxicity test. 

The experiment was conducted under two conditions , vigorous 

stirring and static conditions, in a simiLar procedure as TDI. 

The t i me courses of the disappearance of polymeric MDI and the 

product i on of water-soluble reaction products including 4,4' - MDA 

a nd wat e r- insoluble ones were measured with varying the nominal 

c onc e ntra t ior. of po lymeric MDI and the temperature, the ~lini ty 

and t he agitat i on ~e t hod 0£ the t e st solution fo r the vigorous 

sti rr i ng experiment and wi th vary i ng the inte rfacial area between 

v1ate r and polymeric MDI phases f ._ ,r s:atic expe r iment. The data 

were interpreted from the kinetic point of view. 
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2. Materials and methods 

2.1 Materials 

(1) Test substance 

Millionate MR-200 of Nippon PoJ.yurethane Industry Co., Ltd. 

was used for a test substance. The properties of this substance 

are as follows: 

Content of NCO 31.1 wt% 

Acidity as HCL 0.01 wt% 

Viscosity 172 cP/25°C 

Specific gravity 1.236 

The composition of the test substance was determined as fol

lows: One ml of 5 wt% solution of the test substance in toluene 

was mixed with equal volume of 6 wt% solution of dibutylamine 

(DBA) in toluene and was allowed to stand for several minutes. 

The solution was diluted with acetonitril and analyzed with HPLC 

under the following condition: 

Apparatus :Shimadzu LC-6A 

Column :L-column ODS (4.6 mmiD x 150 cmL) 

Eluent :Acetonitril 

Flow rate :1 ml/min 

Detection :250 nm 

Range :0.01 AUFS 

Inj. volume:10 ul 

Typical chromatogram is shown in Figure 1. More than ten 

peaks were separated, in which six peaks with enough peak areas 

were selected for the study of the disappearance kinetics of 

polymeric MDI. The content af each constituent in the substance 

was determined from the ratio of the peak area. The result is 

shown in Table 1. 
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polymer ic MDI used in this study. 
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Table 1 Composition of polymeric MDI used in this study 

Peak Number of aromatic ring Percent peak area 

in constituent (%) 

A ?. 54.5 

8 3 32.4 

C1 4 1. 97 

C2 4 3.46 

C3 4 2.62 

C4 4 1. 37 

5 3.:?. 

6 0.5 

total 100 

(2) Water and artificial sea water 

Distilled water purified by ion-exchange (Purified water 

frim Takasugi Seiyaku Co., Ltd .. ) was used in all experiments. 

The artificial sea water was prepa~ed by dissolved the following 

inorganic salts in water. 

Constituents Concentration (mg/1) 

Naf 3 

sr:c1 2 6H 2o 20 

H3 Ho3 30 

KBr 100 

KCl 0 

CaClz2HzO 14'/0 

Na 2so4 4000 
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MgCl26H20 10780 

·:acl 23500 

Na2 :-,.::.o3 9H2o 90 

Na4 ED':'A 1 

NaHC03 200 

(3) Reagents 

All the reagents used in this study were of guaranteed 

reagent grade and used as received. 

2.2 Methods 

2.2.1 Vigorous stirring experiment 

(1) Disappearance of polymeric MDI and production of 4,4'-MDA and 

other reaction products 

20mg, 5umg or 500mg of polymeric MDI was applied to ir.ner 

side wall of 100 ml Erlenmeyer flask and 50 ml of water or arti

ficial sea water was poured into it . The test substance was 

applied to inner wall of the flask in order to prevent adhesion 

of MDI to the stirrer bar during the test, which stops stirring 

of the test solution. The solution was stirred at 1500 + 500 rpm 

with magnetic stirrer and Teflon stirrer bar (Bn~ diameter, 40mm 

ler.gth) or was shaken at 200rpm with a rotary shaker (TAITEC 

Double Shaker NR-3) at 2s • c or 12•c. At appropriate intervals, 

the residual amount of polymeric MDI, the concentrations of 

dissolved orgc...1ic carbon (DOC), 4,4'-MDA and the toluene-insolu-

ble reaction products were determined as follows: 
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[Test solution] 

I 
[Qne ml] 

I centrifuge 

j 3000rpm/5 
L'_s_u_p_e_..r nat-ant} 

looc analysisl 

MDA anal sisl 

at 

min 

IResiduel 
* ~DBA/toluene 50ml 

Shake for 10 min 

Allow to stand 

l.:!:.ol uene extr<?-~ 

~ke out 1 ml 

I Evaporate solvent 

O J. ). 11te w:L th 
. 1** acetonl.tri 

Analysis of 

residual MDI 

fResiduel 

Dissolve 

in LiCl/DMF 

Analysis of toluenej 

insluble products 

Figure 2. Flow scheme of t he analyses of residual polymeric MDI 

and the reaction products in vigorous stirring e x periment. 

• Ths cc n c u, tr a ti o n o t i\:) •J t ylamine : 48 0mq/ l . l200mg/l a nd 1.2 ,·11 tor t he nominal conce n -

~ ro t i o n o t p o lymer i c MO l c t 40 0mg / l , lOOOmg / l and lOO OOm g/1 , respe c t ively . 

•• final •o l u me : 4~1 . lOml an d lOOml (or t he n omi nal c on ce n tration ot polymeric MDI ot 

400mg /L . l OOOw q/ l an d lQ OOO mq / 1 . r es pe ctive ly . 

DO C wa s measured with TOC analyzer and polymeric MDI and 

4,4'-MDA were determined with HPLC under following conditj.ons: 

Analy ti~~l conditions 

- Analysis of DOC 

Appa r t u s S h im~dz u Total organic carbon analyzer 

TOC - 500 

Furnace temp. 680 c 
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Flow rate 

Inj. volume 

Sensitivity 

150ml/l 

10 ul 

Range 3 

- Analysis of polymeric MDI and 4,4'-MDA 

Apparatus Shimad~u LC-6A 

Column L-column ODS (4.6 mmiD x 150 cmL) 

Eluent 

Flow rate 

Acetonitril for polymeric MDI 

Acetonitril/water=3/2(v/v) for 4,4'-MDA 

1 ml/1 

Detection 250 nm 

Range 0.01 AUFS 

Inj. volume: 10 ul 

- Analysis of Toluene-insoluble reaction products 

Apparatus Shimadzu LC-4A 

Column Shodex AD BOM (8 mmiD x 300 cmL) 

Eluent DMF containing 10 mM LiCl 

Flow rate 1 ml/1 

Detection 292 nm 

Range 0.08 AUFS 

Inj. volume: 10 ul 

Temperature: 4o•c 

The recovery test of polymeric MDI was carried out in dupli

c ates for 50 mg of polymeric MDI. The average recoveries for s ix 

peaks were nearly 100% except C1 peak (Table 2) and therefore the 

recoveries did not be corrected in calculating the residual 

amounts of polymeric MDI. 

In order to examine the disappearance of polymeric MDI and 

~ he production of 4,4'-MDA at lower nominal concentration of 

pol ymeric MDI, l OOul and 500ul of 1% solution of polymeric MDI in 

DMSO was added to 50ml of water with stirring and the time 

11 



course of the disappearance of polymeric MDI and the production 

of 4,4'-MDA were measured by the same method. 

Table 2. The recoveries for six peaks of polymeric MDI 

from water in vigorous stjrring experiment 

Peak Recoveries(%) 

1 2 Average 

A 100.8 99.3 100.1 

B 100.6 100.4 100.5 

C1 93.4 93.0 93.2 

C2 100.9 103.3 102.1 

C3 100.8 98.8 99.8 

C4 101.9 103.6 102.8 

(2) Analysis of final water-soluble reaction products 

At the end of the experiment in which 50mg of polymeric MDI 

was stirred in 50ml of water at 1500rpm with magnetic stirrer at 

25 , C, the aliquot of the solution was centrifuged at 3000rpm and 

the uv spectrum of the supernatant was measured in order to 

det~ct the water-solubl e r eaction products other than 4,4'-MDA. 

Also the solution was analyzed with ODS column under varied 

eluents to survey the water-soluble reaction products. 

( 3) Analysis of final wa ter-insoluble reaction products 

The properties of fi n al wate r - insol ub le reaction products 

w r exami ned as follows: 50mg of polymeric MDI was put in each 

of ten Erlenmeyer flasks, wh ic h were divided in two groups con -

12 



sisting of five flasks, and 50ml of water ~s poured into it and 

stirred for 2 weeks . 50ml of toluene was addsd to each flask and 

shaken for 10 minutes. After the solution was allowed to stand to 

separate water and toluene layers, the solution was filtered with 

a filter paper. All five solutions belonging to the same group 

were filtered with the same filter paper. The residue on the 

filter paper was air-dried at so·c for 2 hours, dried in desicca 

tor overnight and was ground. a.lg of it ~as added to lOml of DMF 

containing lOmM of LiCl and was shaken to extract the substance 

soluble in the solvent. The extract was centrifuged at 3000rpm 

for 10 minutes and was analyzed with HPLC under the same condi

tion as 2.2.1 (1). The amount of the substance soluble in the 

solvent was determined on the basis of the peak area of the 

standard solution of DBA derivative of pol~neric MDI. 

(4) Analysis of the disappearance kinetics of polymeric MDI 

The percent residue for each constituents of polymeric MDI 

were fitted to the following zero-order reuction kinetic equa 

tion and the slope were determined by the linear least squares 

method; 

R = Ro - S * t equation 1 

where R = percent residue, Ro = constant, S a slope and t = t i me. 

The ~ate constant, k, and half-life time, tl/2' for each constit

uent was calcula t ed from the following equation; 

k s * (amount o f each constituent added)/100 

equation 2 

and 

Ro/(2 * S) equation 3 

13 



2.2.2 Static experiment 

(1) Disappearance of polymeric MDI and production of 4,4'-MDA and 

other reaction products 

Sg of polymeric MDI in 10m!, 50ml or lOOml beaker (27mm¢ x 

50mm height, 41mm~ x 60mm height and 48mmq> x. 67mm height, respec

tively) were placed on the bottom of 300ml tall beaker (60mm~ x 

130mm height) containing 300m! of water and were allowed to stand 

in water bath thermostated at 25"C. At appropriate intervals, the 

inner beaker was taken out from the tall beaker and the concen

trations of DOC and 4 , 4'-MDA in water, the amount of tile residu

al polymeric MDI and toluene-insoluble reaction products were 

analyzed as follows; 

jTest solutionj 

I take out inner beaker contain 1.ng MDI 

!water phase! lMDI phaseJ 

lone ml I Residu.s:_j 

Centrifuge at Filtrate 

3000rpm/l0min Fi l trate Residue 

I Supernatantl !MDI + suspended substance! 

<-DBA 30g/l tolue ne 200m! 

React 

!Doc analysis[ Allow to stand 

lToluene extract! !Residue! 

Dilute to 250ml Dissol ve in 

lMDA analysis J withdraw the aliquot lOml LiCl/DMF 

Dilute by acetonitril 

Analysis of Analysis of tolu ene -

residual MDI inso luble prod ucts 

Figure 3. Flow scheme of the analyses of residual polymeric MDI 

and the reaction products in static exper i ment. 
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The interfacial area between water and polymeric MDI phases 

were 5.72cm2 , 13.2cm2 and 18.1cm2 for the experiments using lOml, 

50ml and lOOm! beakers, respectiv6ly. 

The analytical conditions for DOC, 4,4'-MDA, polymeric MDI 

and toluene-insoluble reaction products were the same as vigorous 

stirring expe riment. Recoveries were nearly 100% for all constit

uents of polymeric MDI (Table 3) and was not taken into account 

in calculation of residual amount of polymeric MDI. 

Table 3. Th~ recoveries for main six peaks of polymeric MDI 

from water in static experiment 

P8ak Recoveries(%) 

-----· 

A 101.8 

8 98.9 

C1 98.3 

C2 97.5 

C3 102.0 

C4 103.2 

(2) Analysis of final water-soluble reaction products 

At the end of the experiment of 18 . 1 cm 2 interfacial area 

(at 14th - day of the test), about 10 ml of the water pahse was 

withdrawn, centrifuged at 3000 rpm and its uv spectrum was meas

ured in order to explore the water-soluble reaction products 

other than 4,4'-MDA. The solution also was analyzed with HPLC 

under varied eluents. 

15 



(3) Analysis of final water-insoluble reaction products 

The properties of final water-insoluble reaction products 

WJ S examined as follows: Sg of polymeric MDI was put in each of 

t wo lOOm! of beakers and submerged in 300m! tall beaker contain

ing 300m! of water and allowed to stand at 25"C for 4 weeks. The 

inner beaker containing polymeric MDI was taken out and the water 

was filtered to collect the suspended substance with filter 

paper. The residue on the filter paper wos combined with polymer

ic MDI in ·~ .. e beaker and was added to 200m! of toluene. After 

being shaken for 10 minutes, the toluene was filtered with filter 

paper. The residue ·on the filter paper was air-dried at about 

so · c for 2 hours, dried in desiccator. overnight and was ground. 

O.lg of it was added to lOml of DMF containing lOmM of LiCl and 

was shaken to extract the substance soluble in this solvent. The 

extract was centrifuged at 3000rpm for 10 minutes and was ana

lyzed with HPLC under the same condition as 2.2.1 (1). The 

amount of the substance soluble in the solvent was determined on 

the basis of the peak area of the standard solution of DBA 

derivative of polymeric MDI. 

(4) Analysis of the disappearance kinetics of polymeric MDI 

Th': ~ percent residue of each constituent of polymeric MDI was 

analyzed by zero-order reaction kinetic model and the rate 

constant and half-life time for each constituent of polymer ic MDI 

were determined by the same method as vigorous stirring experi

ment. 

16 



3. Results 

3.1 Vigorous stirring experiment 

3.1.1 Kinetics of polymeric MDI disappearance 

Polymeric MDI was applied on inner side wall of lOOml erlen

meyer flask in order to prevent stopping of stirring during test 

period by adhering polymeric MDI to the stirrer bar. Polymeric 

MDI changed from dark brownish liquid to pale yellow solid with 

time and the majority of polymeric MDI was ~aken off from the 

wall. 

Figure 4 shows the variation in chromatogram of DBA deriva

tive of residual substance together with that of stanuard solu

tion. All peaks of polymeric MDI diminished simultaneously with 

time without changing the elution pattern. Several peaks of 

transient intermediates were observed between the peaks A and B, 

between the peaks B and Cl, near the peak C4 and so on. The peak 

near the peak C4 could not be separated completely from the peak 

C4 and therefore the residual amount of the peak C4 could not be 

determined in most experiments. 

Figure 5 to 7 show time courses of percent ~esidues of five 

or six constituents of polymeric MDI under three nominnl concen 

trations of polymeric MDI. The data were applied to two kinetic 

models, zero - order and first - order kinetic models, but they were 

more fitted to zero-order kinetic model than first-order one. 

The straight lines in these figures show the ··egression curves 

determined by least squares method for zero - order kinetic model s . 

Figure 8 shows the slope of the regression curve as a a function 

of the kind of the cons tituent of polymeric MDI and the nominal 

c oncentration of polymeric MDI . The slopes were little dependent 

on the nominal concentration of polymeric MDI with all consti tu -· 

ents. 
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The zero-order rate constant and half-life time of the 

disappearance of each constituent of polymeric MDI was calculat

ed from the slope by equations 2 and 3, respectively. Figure 9 

and 10 show the variation in rate constant and half-life time 

with the nominal concentration of polymeric MDI and with the 

kind of the constituent of polymeric MDI, respectively. The rate 

constant increased in proportion to the nominal concentration of 

polymeric MDI and to the content of the constituent, while half

life time was independEnt on the kind of the constituent and the 

norninal concentration of polymeric MDI. 

In order to examine the disappearance kinetics of polymerj.c 

MDI at lower level of polymeric MDI added, polymeric MDI was 

added to water with stirring in DMSO solution at the nominal 

concentration of 20mg/l and lOOmg/1. More than 50% of initial 

polymeric MDI disappeared within 2 hours in both experiments 

(Figure 11). 

The kinetics of the disappearance of polymeric MDI is 

thought to be affected by a wide variety of the conditions in 

natural environment. Among these conditions, the agitati0n 

method, temperature and salinity of test solution are important 

because the reactivity of polymeric MDI with water depends on 

these factors. Hence the experiments were conducted with varying 

in the temperature, the salinity and the agitation method of the 

test solution at the nominal concentration of lOOOmg/1. Figure 12 

to 14 show the residual curves for five constituents of polymeric 

MDI under three conditions varying in these parameters. All data 

were also fitted to zero-order kinetic model. Figure 15 shows the 

comparison of the variation in the rate constant and half-life 

time with the kind of thA constituent for four experiments. The 

dependencies of both va:ues on the kind of the constituent of 

polymeric MDI were nearly identical with four conditions. Figure 

16 s hows the comparison of rate constants and half-life times for 

five constituents under four conditions. The salinity of test 
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solution affected little the disuppearance k~netics, but gentle 

agitation and low temperature of the test solution lowered the 

disappearance rate of all constituents. Especially the effect of 

temperature was noticeable and the disappearance rate at 12•c was 

about one fourth of that at 2s•c. 
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3.1.2 Production of 4,4'-MDA and other water-soluble reaction 

products 

Water-soluble reaction products is primary possible origin 

chemical for the toxicity to aquatic organism. Polymeric MDI 

reacts with water to produce 4,4'-MDA, which reacts with other 

polymeric MDI to produce oligoureas. 4,4'-MDA and oligoureas are 

thought to be main component of water-soluble reaction products 

of polymeric MDI in water. In this study, in order to estimate 

the kinetics and extent of the production of water-soluble reac

tion products, the time courses of 4,4'-MDA and DOC were meas

ured. Figure 17 shows typical production curves of 4,4'-MDA and 

DOC under vigorous stirring condition. Both values were con

stant within experimental error after 6th-hour until the end of 

the experiment. DOC was higher about three times than 4,4'-MDA. 

This result suggests the existence of water-soluble reaction 

products other than 4,4' -MDA. In order to find the water-soluble 

reaction products other than 4,4'-MDA, the test solution was 

analysed by spectrophtometry and high performance liquid chroma

tograhpy, but UV spectrum of the test solution after 92 hours was 

nearly the same as that of 4,4'-MDA (Figure 19) and any new peak 

attributing to water-soluble reaction products other than 4,4'

MDA was not observed on ODS column under various elution condi

tions. 

Figure 18 shows time course of 4,4'-MDA production under 

three nominal concentration of p0lymeric MDI. The concentration 

of 4,4'-MDA was nearly constant after 16th-hour at lOOOmg/1 

nominal concentration of polymeric MDI, while at 10000mg/l nomi

nal concentration of polymeric MDI, it increased from 6 hour to 

22 hour, but it was smaller at 55 hour than at 22 hour. The final 

concentration of 4,4'-MDA at each nominal concentration was 

calculated by averaging last three values of the production 

curve of 4,4'-MDA in Figure 18. Figure 20 shows the relation-
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ships between the final conceutration of 4,4'-MDA and the nominal 

concentration of MDI and between the final fraction of MDI trans

formed to 4,4'-MDA in MDI added and the nominal concentration of 

MDI. The final concentration of 4,4'-MDA slightly increased, but 

the final fraction of MDI transformed to 4,4'-MDA decreased with 

increasing nominal concentration. Less than 0.5% of MDI added was 

transformed to 4,4'-MDA at the nominal concentration of MDI of 

400mg/l or above (Figure 20). 

Figure 21 shows the comparisons of the production curves of 

4,4'-MDA production and the final concentration of 4,4'-MDA among 

four vigorous stirring experiments. The concentration of 4,4'-MDA 

reached to the constant values after about 40 hours in all exper

iments. It can be seen from Figure 21 that the gentle agitation 

and the salinity of the t st solution slightly lowered the pro

duction of 4,4'-MDA, but the temperature of the test solution 

seems not to aftect the production of 4,4'-MDA. These results 

indicate that the production of 4,4'-MDA is accelerated by in

creasing the strength of agitation and is depressed by the exist

ence of salt in test solution. 
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3.1.3 Producti0n of water-insoluble reaction products 

The test substance changed from dark brownish liquid to pale 

yellow solid and the proportion of the reaction products insolu

ble in both water and toluene increased with time. The final 

reaction products 'vas not completely soluble in DMF containing 

lOmM of LiCl. Figure 22 shows the variation in GPC profile of the 

water-insoluble reaction products soluble in this solvent togeth

er with that of DBA derivative of polymeric MDI for reference. 

The peak of the products shifted to short retention time with 

time, indicating that the reaction products was po lymerized to 

polyurea of higher molecular weight insoluble to usual organic 

solvent6 such as toluene and DMF. 

The proportion of the substance soluble in LiCl-DMF to total 

water-insoluble reaction products was determined in duplicates by 

HPLC using DBA derivative of polymeric MDI as a standard for the 

quantification as shown in 2.2.1(3). The result is shown in Table 

4. Average proportion was 6.6%. 

It is concluded from the results o f 3.1.2 and 3.1.3 that 

under vigorous stirring cond i tion at the nominal concentration of 

MDI of 400mg / l or above, only less than 0.5% of polymeric MDI 

added is finally transformed to 4,4' - MDA (Figure 20), which is 

major water - soluble reaction products, and the remaining poly 

me ric MDI i s t r ansformed to the water-insoluble substance, only 

6 . 6% of whic~ is soluble in LiCl-DMF (Table 4). Therefore more 

than 92.9 % ( = 100 - 0.5 - 6.6) of polymeric MDI added is thought 

to be finally transforme d to the substance insoluble to water and 

usual organic solvent. 
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Table 4 Frac~ion of the substance soluble in LiCl-DMF 

to total water-insoluble reaction products ~ ..: polymeric MDI 

Experimental Fraction (%) 

condition 1 2 Average 

Vigorous stirring 8.1 5.0 6.6 

Static 0.8 0.6 0.7 

The proportio~ was determined by the method of 2.2.1(3) 

and 2.2.2(3). 

3.2 Static experiment 

3.2.1 Kinetics of the disappearance of polymeric MD! 

Figure 23 shows the variation in the chromatograms of DBA 

derivatives of the residual test substance along with that of the 

standard solution. All peaks diminished simultaneously with time 

similarly to vigorous stirring experiment and the same intermedi

ate substances were observ2d. 

The experiments were carried out with three interfacial 

are~as between water and po'lymer 'ic M,DI phases in order to eluci

date the mechanism of the reaction between polymeric MDI and 

water. The residual curves for ~ive constituents of polymeric MD 

und (:~r three conditions we r.e shown ir. Figure 24 to 25. The p·T ·-
\ 

cent residue for all constituents decreased linearly with time in 

t he experiments of the interfacial area of 1: 2 cm2 and 18.1 cm2 , 

while they decreased line3r ly with time unti~ 20 % after 10 days, 

it s value kept thereafter until 20 days in the experiment of the 
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interfacial area of 5.72 cm 2 . The test substance changed in the 

appearance from transparent liquid to opaque solid downward from 

the interfacial between water and polymeric MDI phases with time. 

The change stopped at about half depth in the experiment of the 

interfacial area of 5.72 cm2 , while it proceeded to the bottom in 

other two experiment. These results indicate that water can not 

permeate until a fixed depth of polymeric MDI phase from the 

interfacial probably because the reaction products repels water. 

The slope of the linearly decreased part of the residual 

curve was determined by least squares method and the rate con

stant of zero-order reaction kinetics and half-life time were 

calculated by equations 2 and 3. The slopes for five constituents 

were nearly identical, and they increased linearly with the 

interfacial area (Figure 27). Figure 28 shows the variations of 

rate constant and half-life time with the interfacial area and 

Figure 29 shows the variations of them with the kind of the 

constituent. The rate constant was larger with higher content of 

the constituent and it increased linearly with increasing inter

facial area between water and polymeric MDI phases, while half

life time decreased linearly with the interfacial area, but it 

was not dependent on the kind of the constituent. These results 

indicate that the disappearance reaction of polymeric MDI pro

ceed from the interfacial to the bottom with accompanying permea

tion of water into polymeric MDI phase through the interfacial. 

3.2.2 Production of 4,4'-MDA and other water-soluble reaction 

products 

Figure 30 shows the production curves of 4,4'-MDA and the 

r elationship b~tween the final concentration of 4,4'-MDA and the 

interfacial area. The same figure for DOC is shown in Figure 31. 

The concentration of 4,4' - MDA increased gradually until 7th-day 
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and reached to co ns tant value in all experiments. The final 

concentration of 4,4'-MDA, which was calculated by averaging 

last thrLe value~ of the produc tion curve of MDA in Figure 30, 

was less than one third of that in vigorous stirring experiment 

and was almost independent on the interfacial area. DOC was over 

4 times larger than 4,4'-MDA, but the~e was not definite rela

tionship between the final concentrations of 4,4'-MDA and DOC. 

The final amount of MDI transformed to MDA was less than 0.005% 

of MDI added in all the experiments,*! and total amount of 

wat s r-soluble reaction products estimated from DOC value was less 

than 2 mg which corresponded to 0.04% of polymeric MDI added.*2 

UV spectrum of the test solution after 14th-day was not 

consistent with that of 4,4'-MDA, indicating the existence of 

water-soluble reaction products other than 4,4'-MDA (Figure 32). 

Water-soluble reaction products other than 4,4'-MDA were also 

observed on ODS column under the same elution condition, but the 

identification was not difficult because of low concentration of 

them (Figure 33). 

•tThe final traction ot polymeri c MOl tranaformed to 4 , 4 '- MOA in polymeric MDI added . 

rMDA ( ~) . waa c al cul ated by t he tollowlnq equation : 

rMDA • CMDA I KMDA 0 V I 1000 I A • 100 

wher!l CMOA('"q l l) . KMOA ' V(ml) And A(m9) are the final c:onc:entr·ation of 4 , 4 '- MOA. the ratio 

o t molecular weight• of 4 , 4 ' -MOA and poly~eric: MOl . the Yolume ot the test aolution and 

~ot al amo u n t ot MDI added . Since CMDA Ia lee• than 0 .6 mqll from Fiqure 30 . KMDA Ia 0 . 82 . 

( mole cu la~ weiqh t o t polymeri c: MDI Ia calculated on the aaeu•ption that the content ot ~co 

in polymeric: MDI !a 31.1'). Via 300ml and A ia 5000•q . rHDA beco•e to be 

rMDA < 0.5 I 0. ~ 2 • 300 I 1000 I 5000 • 100 • 0 . 00•3' 

•z 
r ~al a oount o t wa t er - aoluble rea ct ion pruduc t a . Ptotal(mq) . and the total trac t ion or 

p ~ ~yme ri: MDI :r anat orm ed : o wa :~r - ao luble rea ct ion product• ln polymeri c: 1101 added . 
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tal(,) . were esti~atsd tro~ DOC(~9Cil) ot test solution br the tollowin9 equations: 

'total 
. DOC I K 

c 
. v I 1000 and 

'total 
. 

'total I A • 100 

wt-".e r• I( 
c 

v ( ~1) and A(ID9) are carbon content ot polymeric MOI. volume ot teflt solution and 

to tel Alllount o! polym ·u· ic MDI edded . resp•ctively. Since Kc is 0 . 735 . which ls celculated 

on t he assu~ption t h~t the content ot ~co in polymeric MDI is 31 . 1,, V 11 300~1 . A is 

5000~9 and DOC wes 1ess than 5~9Cil !rom Fi9ure 31, Ptotal and 'total become to be 

Ptotal < 0 . 5 I 0 . 735 • 300 I 1000 • 2.0m9 and 

'total < 2.0 I 5000 • 100 • 0 . 04' 

3.2.3 Production of water-insoluble reaction products 

As MDI disappeared, the toluene-insoluble reaction products 

increased. No peak of the toluene extract was detected on ODS 

column after 13th-day in the experiments of 13.2 cm2 and 18.1 cm 2 

interfacial area. These results indicate that all of the reaction 

products of MDI insoluble to water finally become insoluble to 

toluene. In order to examine the nature of the final reaction 

products of MDI, GPC profile of the toluene-insoluble reaction 

products was analyzed and the solubility to organic solvents of 

the final products, which prepared by extending the experiment of 

18.1 cm 2 interfacial area to 4 weeks as shown 2.2.2(3), were 

examined. Figure 34 shows the variation of GPC profile of the 

toluene-insoluble substance soluble in LiCl-DMF. The peak shifted 

to short retention time with time, indicating that the polymeri

zation proceeded with time. The final products were insoluble to 

usual orgar.ic solvents such as chloroform, methanol, acetnitrile. 

The fraction of the products soluble in LiCl-DMF was only 0.7% 

(Table 4). 

Consequently, it is cuncluded that polymeric MDI was trans-
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formed to w~ter-soluble substance at less than 0.04% of polymeric 

MDI added and the remaining polymeric MDI was transformed to the 

substance insoluble to toluene. Only 0.7% of the tolune-insoluble 

reaction products was dissolved in DMF containing LiCl and 99.7% 

of it is insoluble in both water and usual organic solvent in

cluding DMF-LiCl. 
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Figure 23. Variation in chromatogram of DBA derivative of resid u 

al substance in static experiment. 

Test conditions: polymeric MDI;5g, In t e rfac e are a be t ween w~tcr -

polymeric MDI phases; 5.72 cm2 , Temperature; zs·c. 
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Figure 24. Residual curves of fiVE! constituents of polymeric MDI 

in static experiment. The straight line indicate linear regres-

sian curves to zero-order reaction equation. 

Test conditions: polymeric MDI; Sg, Interface area between water

polymeric MDI phases; 5.72 cm 2 , Temperature; 25"C. 
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Figure 25. Residual curves of five constituents of polymeric MDI 

in static experiment in water. The straight line indicate linear 

regres s ion curves to zero - order reaction equation. 

Tes t cond ~ tions : polymeric MDI;Sg, Interface area between water 

polymeric MDI phases; 13.2 cm 2 , Temperature; zs•c. 
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Figure 26 . Residual curves of five constituents of polymeric MDI 

in static experiment in water. The straight line indicate linear 

regression curves to zero - order reaction equation. 

Test conditions: polymeric MDI;5g, Interface area between wattr

polymeric MDI phases; 18 . 1 cm 2 , Temperature; 25"C. 
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50 



10000 

Peak 

~-----<~ A 
o= - • .... B 

t:JI 
E 1000 .... --c 
IU 

Ill 
c (.;2 
0 :· u J"-:::::: =:;?' 

I C3 
100 """iJ 

G) o- o- C1 -CIS 
a: 

10 
0 5 10 1 5 20 25 

Interfacial area(cm 2 ) 

7 

6 

>- 5 CIS 
"'0 -Cl~ 
E 4 -

G) 3 - 0 A 
-;' 8 

2 
CIS ---cr- C1 
J: 

• C2 
6 C3 

0 
0 5 1 0 1 5 20 25 

Interfacial area(cm 2 ) 

Figure 28. Relationships between zero-order disappearance rate 

constant (upper), half-life time (bottom) of five constituents of 

polymeric MDI and the interfacial area in static experiment. 
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polyme r ic MDI in static experime nt. 
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Figure 30. Production curves of MDA in three static experiments 

(upper) and the relationship between the final concentration of 

MDA and the interfacial area (bottom). The final concentration of 

MDA is the mean of last three values of the curve. 
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Figure 31. Production curves of DOC in three static experiments 

(upper) and the relationship between the final concentration of 

DOC and the interfacial area (bottom). The final concentration of 

DOC is the mean of last three values of the curve. 
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Figure 32. Comparison .1: UV spectra of test solution after 14days 

i n static experiment wi t h that of standard solution of 4,4'-MDA. 

Test conditions: polymer i c MDI;Sg, Interfacial area between 

· .. ;a ... er- - polymeric ·MDI phases; 18. 1 cm 2 , Temperature; 25 • C. 
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Figure 33. Comparison of chromatograms of test solution after 

14 days in static experiment with that of standard solution of 

4 , 4' - MDA. Test conditions: polymeric MDI;Sg, Interface area be

tween water-polymeric MDI phases; 18.1 cm2 , Temperature; 25"C. 

HPLC condition was the same as that of the analysis of MDA except 

detection wavelength ( 280nm). 

56 



., 

f: . \ I . . I I . . I I . . I I . . l I I 

i 1\! ; : : I 
! !I~\ i 
I /1 1\ I 
I i I 11 · 
I .. I q 
i /I 1\\ 

-"// I h 
----------/ I I\'"·-

·-./ I \ \ 
I \ -----·--/ . 

/ \ ------------ ------, .. 
.' \ 

/,.· ·· .. 
-·---------···---- .. ···- · __ ...,.. ' ·-··---····---·-... -

I 
~ 

After 14days 

After 7days 

After 3days 

After 16hrs 

Standard DBA - 1'-lDI 

lOOmg/1 

Figure 34. Variation in GPC profile of the toluene-insoluble 

reaction products soluble ln LiCl-DMF in static experiment. 

Test conditions: polymeric MDI;Sg, Interface area between water

polymeric MDI p~ases; 13.2 cm2 , Temperature; 25'C. 
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